Plant pathogenic pseudomonads such as Pseudomonas syringae colonize plant surfaces and tissues and have been reported to be nutritionally specialized relative to nonpathogenic pseudomonads. We performed comparative analyses of metabolic networks reconstructed from genome sequence data in order to investigate the hypothesis that P. syringae has evolved to be metabolically specialized for a plant pathogenic lifestyle. We used the metabolic network comparison tool Rahnuma and complementary bioinformatic analyses to compare the distribution of 1,299 metabolic reactions across nine genomesequenced strains of Pseudomonas, including three strains of P. syringae. The two pathogenic Pseudomonas species analyzed, P. syringae and the opportunistic human pathogen P. aeruginosa, each displayed a high level of intraspecies metabolic similarity compared with nonpathogenic Pseudomonas. The three P. syringae strains lacked a significant number of reactions predicted to be present in all other Pseudomonas strains analyzed, which is consistent with the hypothesis that P. syringae is adapted for growth in a nutritionally constrained environment. Pathway predictions demonstrated that some of the differences detected in metabolic network comparisons could account for differences in amino acid assimilation ability reported in experimental analyses. Parsimony analysis and reaction neighborhood approaches were used to model the evolution of metabolic networks and amino acid assimilation pathways in pseudomonads. Both methods supported a model of Pseudomonas evolution in which the common ancestor of P. syringae had experienced a significant number of deletion events relative to other nonpathogenic pseudomonads. We discuss how the characteristic metabolic features of P. syringae could reflect adaptation to a pathogenic lifestyle.
Introduction
Bacteria in the genus Pseudomonas are ubiquitous inhabitants of the plant environment, where they colonize three distinct environments: foliar surfaces, plant tissues (particularly the intercellular spaces between plant cells), and the rhizosphere (Beattie and Lindow 1999; Lugtenberg et al. 2001; Lindow and Brandl 2003; Preston 2004; . Different species of Pseudomonas vary in their ability to thrive in different plant environments, with bacteria belonging to the species Pseudomonas syringae being well adapted for growth on leaf surfaces and in plant tissues, and bacteria belonging to the species P. fluorescens, P. aeruginosa, and P. putida showing a greater ability to thrive in the rhizosphere (Lugtenberg et al. 2001; Lindow and Brandl 2003; Walker et al. 2004) . Experimental analyses of nutrient assimilation by pseudomonads have shown that plant pathogenic P. syringae strains assimilate a restricted range of nutrient sources compared with other pseudomonads, particularly in terms of amino acids . This suggests that P. syringae is nutritionally specialized for growth using metabolites that are abundant in plant tissues and on foliar surfaces.
The diversity of pseudomonads, and the availability of genome sequence data for multiple plant-associated P. syringae, P. putida, and P. fluorescens strains, along with genome data for clinical isolates of P. aeruginosa and for the insect pathogen P. entomophila provide an excellent opportunity to use comparative genomic approaches to develop insight into the evolution of metabolic networks. However, although a few studies have developed metabolic models for individual strains (Nogales et al. 2008; Oberhardt et al. 2008) , or compared the distribution of enzymes or protein domains across different species (Studholme et al. 2005; Perumal et al. 2008 ), most genome-based analyses of pseudomonads have focused on traits such as pathogenicity, gene expression, or degradation of xenobiotics (Collmer et al. 2002; Nelson et al. 2002; Feil et al. 2005; Joardar, Lindeberg, Jackson, et al. 2005; Joardar, Lindeberg, Schneider, et al. 2005; Vencato et al. 2006; Loper and Gross 2007; Lindeberg et al. 2008 Lindeberg et al. , 2009 Silby et al. 2009 ). To our knowledge, no studies have systematically used genome sequence data to assess whether the diverse species and strains of Pseudomonas possess metabolic features that reflect the evolutionary history of this genus and the adaptation of different strains and species to different environments.
One approach that can be used to compare the metabolic properties of genome-sequenced organisms is to use data from publicly available data repositories such as Kyoto Encyclopedia of Genes and Genomes (KEGG) (Kanehisa et al. 2008) and MetaCyc and BioCyc (Caspi et al. 2008) to compare metabolic networks across genomes (Ma and Zeng 2003; Light et al. 2005; Forst et al. 2006; Wang et al. 2006 ). However, due to the complex nature of metabolic networks, and the limited availability of experimentally validated phenotypic information, most comparative analyses have been restricted to analyzing and summarizing network properties, such as degree distribution, clustering coefficient, and average path length, or comparing small well-characterized regions within metabolic networks. For example, Ma and Zeng (2003) reconstructed the metabolic networks of 80 fully sequenced genomes in order to analyze and compare network properties such as shortest and average path lengths between any pair of metabolites and to compare metabolic network structure across the three domains of organisms, namely Eukaryotes, Prokaryotes, and Archaea.
We have developed a software tool called Rahnuma that facilitates comparative analyses of metabolic networks and metabolic pathways, using metabolic annotations curated in the KEGG database (Mithani et al. 2009 ). The name ''Rahnuma'' comes from the Urdu language and literally means ''someone who guides through the path.'' In this study, we use Rahnuma and complementary bioinformatic approaches to compare metabolic pathways involved in energy metabolism and amino acid metabolism that are predicted to be present in genome-sequenced pseudomonads and consider whether differences between these predicted pathways account for phenotypic differences that have been observed in experimental studies. We specifically investigate the nature of the amino acid assimilation pathways predicted to be present in Pseudomonas spp. in order to investigate the hypothesis that P. syringae is physiologically specialized for growth using the amino acids that are most abundant in plant tissues as suggested by previous experimental analyses. We also investigate the use of metabolic network data to infer the pathways and reactions present in the common ancestor of pseudomonads.
Materials and Methods

Comparative Analysis of Reaction and Pathway Data
Metabolic reaction and pathway data were generated using Rahnuma (Mithani et al. 2009 ), a metabolic pathway prediction and network comparison tool. The analyses described in this paper were performed on metabolic data downloaded from KEGG (Kanehisa et al. 2008) 1448A [5.9 Mb, CP000058] ) were generated using the ''full network comparative analysis'' option in Rahnuma, which compares metabolic networks and reports reactions absent from one or the other network. Amino acid assimilation pathways to the tricarboxylic acid (TCA) cycle and NH 3 were generated using manually annotated connections tracing carbon and nitrogen atoms, which are available within Rahnuma (Mithani et al. 2009 ). A pathway is said to exist between two metabolites if there is a connected sequence of distinct reactions between the metabolites such that the product of one reaction acts as a substrate in the next reaction. When generating amino acid assimilation pathways, the initial cutoff length was set as six reactions, which was found to encompass the majority of the amino acid assimilation pathways annotated in MetaCyc (Caspi et al. 2008) and minimum path lengths predicted using the KEGG reference network. Path lengths of up to ten reactions were explored for amino acids that failed to give a positive result with cutoff length six. Compounds such as H 2 O, CO 2 , ATP, and other ubiquitous metabolites were ignored as possible intermediates in pathway predictions. These metabolites are called ''current metabolites'' and including them in metabolic network analyses may lead to biologically incorrect results (Ma and Zeng 2003) . A complete list of the current metabolites excluded in our analyses is provided in table S1, Supplementary Material online.
Neighborhood Filtering
Reaction data obtained from Rahnuma were filtered using custom scripts written in Java (scripts available on request) to remove reactions for which no neighbors were present in a metabolic network. Two reactions are considered to be neighbors if they share at least one metabolite (Yeung et al. 2007) . Neighborhood filtering thus corresponds to removal of isolated reactions from a network. As with pathway prediction, current metabolites (table S1, Supplementary Material online) were ignored while calculating reaction neighborhood.
Metabolic Similarity Analysis
Metabolic network data were used to assess the metabolic similarity of pseudomonads using the method described by Forst et al. (2006) . The distance matrices were calculated using the number of differences based on reaction and enzyme data. The pairwise distance between the networks was calculated as follows. Let d ij denote the number of reactions (or enzymes) present in any one of the networks i and j but not both, and let R ij denote the number of reactions (or enzymes) present in at least one of the two networks. The distance d ij between networks i and j is then given by the following equation:
Once the distance matrix was obtained, we used the Fitch algorithm (Fitch and Margoliash 1967) available as Mithani et al. · doi:10.1093/molbev/msq213 MBE a part of the PHYLIP package to compute metabolic similarity trees (Felsenstein 1996) . In a similar fashion, distance matrices and trees were computed using Biolog GN2 MicroPlate (BIOLOG, Hayward, CA) data reported in by differentiating on the basis of the carbon utilization patterns of the Pseudomonas strains. A phylogenetic tree describing the genetic relatedness of the four strains was generated using multilocus sequence analysis (MLSA) of four conserved housekeeping genes (gltA, gapA, rpoD, and gyrB) as described by Sarkar and Guttman (2004) . To ascertain the reliability of clustering at different branches of the reconstructed trees, we used bootstrapping (Efron and Tibshirani 1994) . A total of 1,000 bootstrap samples were generated in each case (reaction, enzyme, BIOLOG, and MLSA) and confidence percentages were assigned at different branches of the trees based on the number of times the species were found to be clustered together.
The ratios between metabolic and genetic distances for different Pseudomonas species were obtained by dividing the average genetic distance between strains in a species by their average metabolic distance. Genetic distances between strains were taken as the branch lengths of the phylogenetic tree generated using MLSA, and metabolic distances between the strains were taken as the branch lengths of the trees obtained using reaction and enzyme data, with and without neighborhood filtering, as described above.
All but One Analysis
To identify reactions that were uniquely present or absent in only one network out of a group at different levels of Pseudomonas phylogeny, we used the ''all but one network comparison'' mode in Rahnuma and the MLSA phylogeny generated as described above. The ''all but one'' comparison option in Rahnuma identifies pathways and reactions that are present in only one organism in a group but absent in all other organisms and vice versa (Mithani et al. 2009 ). As Rahnuma allows all but one analysis for a group of organisms, but not over a phylogeny, separate queries were run for each intermediary node of the phylogenetic tree shown in figure 3. The results obtained from different queries were extracted and combined to obtain a single data set that was then used for further analysis.
Reaction Correlation Analysis
Reactions found to show a variable distribution in pseudomonads were clustered based on their presence and absence in various strains using the heatmap.2 function available in the ''gplots'' package in R. The distance function to calculate the dissimilarity in the underlying data was kept to the default value of ''euclidean'' and the dendrograms were calculated using the default ''complete'' mode for the hclust function. Other parameters were also kept to their default values. The same procedure was repeated using enzymes that were found to show a variable distribution across the nine genome-sequenced Pseudomonas strains.
Observed versus Expected Reactions
To compare the observed distribution of reactions across the phylogeny against their expected distribution under the assumption that reactions evolve independently in different lineages and in different segments of a single lineage, we divided the frequency of each observed reaction pattern by the total number of variable reactions to obtain the observed fraction for each reaction pattern. The expected distribution of patterns was calculated by summing over all possible internal states of the MLSA phylogeny for each of the 512 (5 2 9 ) patterns. Under the independence assumption, given the states at the start of each branch, the probability of observing a particular configuration on a phylogeny is calculated as the product of probabilities of change at each individual branch. This probability was summed over all possible internal configurations to obtain the expected fraction for each reaction pattern.
Ancestral Network Building
To predict the reactions likely to be present at different levels of the Pseudomonas phylogeny, and thereby build a model of the common ancestor, we used the ''ancestral network building'' option in Rahnuma (Mithani et al. 2009) , and the Pseudomonas phylogeny used for all but one analyses. Ancestral networks were built under the different network building modes available in Rahnuma including 1) union mode, which combines reactions from all the networks below the current level of the phylogeny; 2) intersection mode, which considers only those reactions that are present in all the networks present below the current level; and 3) reaction neighborhood mode, which considers reactions present in one or both of the networks below the current level, and includes in the predicted common ancestor network reactions that are present in both descendents, as well as reactions that are present in only one descendent, but for which the proportion of neighbors present in at least one of the descendent networks is greater than the specified cutoff value (Mithani et al. 2009) . If the cutoff value is set to 100%, the only reactions predicted to be present in the common ancestor will be the reactions present in both descendents and reactions for which an identical set of neighboring reactions is present in both descendent networks. We examined the effect of varying the neighborhood cutoff value from 10% to 90%. In this study, the standard neighborhood cutoff was set to 60% based on the average proportion of neighbors present across the Pseudomonas phylogeny.
To compare the number of reactions reported by using the neighborhood approach against a model based on minimum evolutionary changes, we computed the number of reactions at various levels of the Pseudomonas phylogeny based on the maximum parsimony approach using the Fitch algorithm (Fitch 1971) with ties resolved in the favor of presence of a reaction. We subsequently incorporated the script for parsimony analysis into Rahnuma to provide an additional option for ancestral network prediction (script available on request).
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Results
Pseudomonas Strains Display Substantial Variability in Reactions Associated with Carbon and Nitrogen Assimilation
In order to assess the distribution of metabolic reactions across Pseudomonas strains, the metabolic pathway prediction tool Rahnuma (Mithani et al. 2009 ) was used to compare reaction and enzyme annotations corresponding to 32 KEGG pathway maps (1,299 distinct reactions) for nine genome-sequenced Pseudomonas strains corresponding to five different species. It should be noted that P. fluorescens and P. syringae are commonly regarded as species complexes (Yamamoto et al. 2000) . However, for simplicity, we collectively refer to the strains within these groupings by their species name throughout this study. The pathway maps used in this analysis and subsequent analyses contain pathways involved in energy metabolism and amino acid metabolism and have been manually curated for carbon and nitrogen connections (Mithani et al. 2009 ). The output from comparative analyses of all nine Pseudomonas strains is summarized in figure 1a and supplementary table S2, Supplementary Material online. Species-specific results for P. aeruginosa, P. fluorescens, and P. syringae are shown in supplementary figures S1a, S2a, and S3a, Supplementary Material online. The results revealed a substantial amount of variability across the nine strains tested, with 339 reactions conserved in all strains and 224 showing a variable distribution. It should be noted that the total number of individual reactions studied in these analyses is smaller than the sum of the reactions present in each pathway map, as some reactions are included in more than one pathway map.
The highest variability occurred in reactions that are involved in nitrogen metabolism, amino acid catabolism, aminophosphonate metabolism, selenoamino acid metabolism, and glyoxylate and dicarboxylate metabolism. For example, of the 71 reactions having roles in nitrogen metabolism, only 11 were conserved in all strains (supplementary table S2, Supplementary Material online). Ten of the 11 conserved reactions are involved in assimilation of ammonia, glutamine, glutamate, aspartate, and asparagine, which are consistent with the observation that all nine strains are able to use these chemicals as sole carbon or nitrogen source . The remaining conserved reaction corresponds to the enzyme carbonic anhydrase, which catalyzes the interconversion of CO 2 and bicarbonate, and has been shown to be essential for the growth of Escherichia coli at an ambient concentration of CO 2 (Merlin et al. 2003) .
Neighborhood Filtering Removes Isolated Reactions and Refines Network Comparisons
One limitation of KEGG annotations for metabolic network prediction is that some reactions are predicted to be present based on the presence of subclasses of enzymes rather than reaction-specific annotations. A single gene may Glutathione metabolism (53) Glycine, serine and threonine metabolism (68) Glycolysis / Gluconeogenesis (47) Glyoxylate and dicarboxylate metabolism (62) Histidine metabolism (49) Lysine biosynthesis (38) Lysine degradation (54) Methionine metabolism (41) Nitrogen metabolism (71) Pentose phosphate pathway (43) Phenylalanine metabolism (51) Phenylalanine, tyrosine and tryptophan biosynthesis (37) Propanoate metabolism (57) Pyruvate metabolism (73) Selenoamino acid metabolism (24) Taurine and hypotaurine metabolism (18) Tryptophan metabolism (78) Tyrosine metabolism (105) Urea cycle and metabolism of amino groups (51) Valine, leucine and isoleucine biosynthesis (29) Valine, leucine and isoleucine degradation ( therefore generate multiple reaction predictions, some or all of which may be incorrect. One way of identifying potential misannotations is to identify reactions that are not connected to other reactions in a metabolic network and are therefore predicted to be unable to perform their annotated role in a metabolic pathway. We used a neighborhood filtering approach to identify and remove isolated reactions for which the substrates or products were not used or generated by any other reaction in the same organism, excluding current metabolites such as H 2 O, CO 2 , and O 2 (figure 1b; supplementary table S3 and figs. S1b, S2b, and S3b, Supplementary Material online). Neighborhood filtering reduces the total number of conserved and variable reactions (to 330 and 219, respectively) but does not alter the overall pattern of metabolic similarity (supplementary fig.  S4 , Supplementary Material online). Exclusion of connections involving current metabolites did result in the exclusion of a small number of reactions, such as carbonic anhydrase, for which current metabolites are the sole substrate or product, but the majority of reactions excluded were correctly identified as isolated reactions. The principle of the neighborhood filtering approach can be illustrated with the example of R02670 (E.C. 1.11.1.6). R02670 is annotated as conserved in all Pseudomonas strains analyzed without neighborhood filtering, but variable when filtering is applied. Species-specific analyses with filtering predict that R02670 is conserved in P. aeruginosa and variable in P. fluorescens and P. syringae. In the context of the KEGG tryptophan metabolism map (MAP00380), R02670 corresponds to a hydroperoxidase II-like enzyme, which could catalyze the conversion of 3-hydroxyanthranilate to cinnavalininate. However, hydroperoxidase II-like enzymes are also associated with R00009 (conversion of hydrogen peroxide to oxygen and water) and R00602 (conversion of methanol and hydrogen peroxide to formaldehyde and water). Genes encoding hydroxyperoxidase II-like enzymes are present in all nine Pseudomonas strains, and so without filtering, R02670 is detected as conserved in all nine strains. However, only five strains (P. aeruginosa PAO1 and PA14, P. fluorescens Pf-5, P. entomophila L48, and P. syringae pv. phaseolicola 1448A) are predicted to contain reactions that use or generate 3-hydroxyanthranilate, so with filtering R02670 is only predicted to be present in these five strains.
Intraspecies comparisons performed with neighborhood filtering (supplementary figs. S1b, S2b, and S3b, Supplementary Material online) showed that the two pathogenic species, P. aeruginosa and P. syringae, contained a higher proportion of conserved reactions than the nonpathogenic species P. fluorescens. The most variable KEGG pathway maps in P. aeruginosa were aromatic amino acid biosynthesis and tryptophan metabolism, whereas in P. syringae, the most variable pathway maps were maps describing aromatic amino acid metabolism, histidine metabolism, and arginine and proline metabolism. P. fluorescens also showed variability in aromatic amino acid metabolism along with variability in methionine, cysteine, and selenoamino acid metabolism.
The Metabolic Networks of Plant Pathogenic Pseudomonads Show a High Level of Intraspecies Similarity
The nine Pseudomonas genomes used in these analyses include four distinct lifestyles: plant pathogen (P. syringae), opportunistic human pathogen (P. aeruginosa), insect pathogen (P. entomophila), and saprotroph (P. fluorescens and P. putida). To assess the extent to which metabolic reactions display a species or lifestyle-specific pattern of distribution, we performed metabolic similarity analyses using the method described by Forst et al. (2006) . Both P. syringae and P. aeruginosa showed a high degree of intraspecies similarity in both reaction and enzyme-based analyses of metabolic similarity ( fig. 2 ), which are consistent with the species-specific analyses of KEGG reactions described above. However, the strain grouping observed within the P. syringae group cannot be explained simply on the basis of recent common ancestry, as P. s. pv. syringae B728a is grouped with P. s. pv. tomato DC3000 rather than with P. s. pv. phaseolicola 1448A, which conflicts with phylogenetic groupings predicted by MLSA analyses (Sarkar and Guttman 2004; fig. 2d ). Interestingly, saprotrophic pseudomonads such as P. fluorescens did not show clear species-specific similarity, and P. entomophila did not group with P. putida as indicated by genomic and phylogenetic studies (Vodovar et al. 2006) .
As illustrated in fig. 2d , the nine strains used in these analyses show a varying degree of genetic relatedness, both within and between species. Consequently, comparing metabolic similarity solely based on metabolic data may give misleading results. If the genetic distance between the strains is taken into account when comparing metabolic similarity (table 1) , the results continue to indicate that the three strains of P. syringae are more similar to each other than the two strains of P. fluorescens. In contrast, the two strains of P. aeruginosa now show a relatively high degree of metabolic diversity as indicated by a high ratio of metabolic to genetic distance.
To confirm whether in silico predictions of metabolic similarity corresponded to experimental analyses of metabolic activities, we compared the metabolic activities of all nine strains using carbon utilization data reported by (fig. 2 ). Both in silico and experimental analyses generated similar groupings of P. syringae and P. aeruginosa strains. The long branch length observed for P. s. pv. phaseolicola 1448A relative to the other two P. syringae a Data set containing all reactions and enzymes involved in 32 pathway maps relating to amino acid metabolism and energy metabolism. b Data set with isolated reactions and enzymes (i.e., reactions and enzymes for which the substrates or products are not predicted to be used or generated by any other reaction in the same organism), removed from the metabolic networks.
Comparative Analysis of Metabolic Networks in Pseudomonas · doi:10.1093/molbev/msq213 MBE strains reflects the fact that P. s. pv. phaseolicola 1448A has been shown to differ significantly from P. s. pv. syringae B728a and P. s. pv. tomato DC3000 in its metabolite utilization profile showed a lineage-specific distribution, of which 61 reactions (50 enzymes) were specific to a single strain. Figure 3 shows the distribution of these 106 lineage-specific reactions across the pseudomonad phylogeny. A complete list of reactions present or absent in specific lineages is The reaction and enzyme data used to calculate the distance matrix and generate the trees shown in (a) and (b) was derived from 32 metabolic pathways involved in amino acid assimilation and biosynthesis or in carbohydrate and energy metabolism in the KEGG database after filtering out isolated reactions and enzymes. The pairwise distance between the networks was obtained by calculating the proportion of reactions or enzymes present in at least one of the two networks that were present in only one of the two networks. Distance matrices for (c) were computed using the carbon utilization data from by differentiating on the basis of metabolic utilization patterns of the Pseudomonas strains. The tree in (d) was calculated using MLSA of conserved housekeeping genes (gapA, gltA, rpoD, and gyrB) as described in Sarkar and Guttman (2004) . Trees were calculated using the Fitch algorithm (Fitch and Margoliash 1967) available in the PHYLIP package (Felsenstein 1996) . Strain abbreviations: pae: Pseudomonas aeruginosa PAO1, pau: P. aeruginosa PA14, pen: P. entomophila L48, pfl: P. fluorescens Pf-5, pfo: P. fluorescens PfO-1, ppu: P. putida KT2440, psb: P. syringae pv. syringae B728a, psp: P. syringae pv. phaseolicola 1448A, and pst: P. syringae pv. tomato DC3000. The numbers associated with different branches are the confidence levels as percentages for the respected branches. Groups circled by dotted lines are conserved across all four trees. Mithani et al. · doi:10.1093/molbev/msq213 MBE provided in supplementary table S4, Supplementary Material online. P. syringae contained the highest number of species-specific features, but notably, the majority of these involved the absence of reactions. In contrast, the two P. fluorescens strains analyzed contained only one species-specific reaction ( fig. 3 and table 2 ). The one reaction unique to the two P. fluorescens strains was R02397 (E.C. 1.14.11.1), which is annotated in KEGG as the final reaction in the carnitine synthesis pathway. Several of the features described in table 2 can be directly linked to experimental observations such as the presence of a denitrification pathway in P. aeruginosa (R02804), the inability of P. syringae to use valine and isoleucine as carbon sources (R01701-R07604), and the inability of P. s. pv. phaseolicola to use histidine as a carbon source (R02285) (Arai et al. 2003; . Within the P. syringae group, P. s. pv. phaseolicola was observed to show a high number of gain and loss of function differences relative to the two other strains of P. syringae, which is consistent with the presence of a large number of pseudogenes and unique genomic islands in this strain (Joardar, Lindeberg, Jackson, et al. 2005) , and with the results of the metabolite utilization assays summarized in figure 2 (Joardar, Lindeberg, Jackson, et al. 2005; . However, although some P. s. pv. phaseolicola 1448A-specific results have been validated by bioinformatic or experimental analyses, others illustrate the limitations of in silico methods for analyzing metabolic networks. For example, KEGG annotations identify NADþ synthetase (PSPPH_0587) and Urea: carbon-dioxide ligase (PSPPH_3975) as being uniquely present in P. s. pv. phaseolicola 1448A (table 2), but reciprocal Blast analyses identify potentially orthologous genes in other Pseudomonas genomes. This suggests that the KEGG annotation process has identified some but not all orthologues of PSPPH_0587. Similarly, 3-oxoacid CoA-transferase (PSPPH_3156, PSPPH_3157) and acyl-CoA synthetase (PSPPH_1039) are identified as absent in P. s. pv. phaseolicola 1448A, despite the presence of orthologous genes in all Pseudomonas strains tested (table 2 ). An alternative example of a potentially misleading result is illustrated by lysine 2,3-aminomutase (PSPPH_4544), which was accurately identified as a P. s. pv. phaseolicola 1448A-specific enzyme, and could be interpreted as a metabolic enzyme (table 2) . However, if this gene is viewed in a genomic context, it is clear that it lies within a P. s. pv. phaseolicolaspecific genomic island known as GPHAS-specific natural product cluster 2 (Joardar, Lindeberg, Jackson, et al. 2005) , suggesting that the true function of this enzyme may be in secondary metabolite synthesis rather than in lysine catabolism.
As less than 50% of the variable reactions in pseudomonads could be linked to a single lineage, we performed correlation analyses to examine the distribution of variable reactions ( fig. 4) and enzymes (supplementary fig. S6 , Supplementary Material online) across all nine strains. The results showed that the similarity of P. aeruginosa and P. syringae strains to other strains within the same species was not only due to species-specific loss and gain of reactions but also due to a variety of features that are common to all strains within each species group, with an apparent bias toward loss of reactions in P. syringae.
To explicitly test the hypothesis that P. syringae had undergone a high number of deletions, we compared the observed distribution of reactions across the Pseudomonas phylogeny with the expected results from a model that assumes independent distribution of reactions across the phylogeny (supplementary fig. S5 , Supplementary Material online). The results confirmed that there were more reactions missing from the P. syringae lineage than expected. In contrast, the P. aeruginosa lineage contained only slightly more deletions than expected, the P. putida/P.entomophila lineage contained the expected number of deletions, and the P. fluorescens lineage contained fewer deletions than expected.
Prediction of Amino Acid Assimilation Pathways Highlights Genetic Differences that May Account for Differences in Amino Acid Assimilation One broad conclusion that can be drawn from the results shown in figure 1 is that amino acid catabolic pathways generally show a higher degree of variability than anabolic pathways at least for seven amino acids for which reactions are clearly subdivided into catabolic and anabolic pathway maps (valine, leucine, isoleucine, lysine, phenylalanine, tryptophan, and tyrosine). This is consistent with the 3 Reactions uniquely present or absent at different levels of the Pseudomonas phylogeny. The phylogeny shown is based on multilocus sequence analysis of nine genome-sequenced Pseudomonas strains. Presence/absence data were generated using the all but one network comparison mode in Rahnuma. Boxes show the number of reactions uniquely present (þ) or absent (À) at different nodes. Strain abbreviations: pae: Pseudomonas aeruginosa PAO1, pau: P. aeruginosa PA14, pen: P. entomophila L48, pfl: P. fluorescens Pf-5, pfo: P. fluorescens PfO-1, ppu: P. putida KT2440, psb: P. syringae pv. syringae B728a, psp: P. syringae pv. phaseolicola 1448A, and pst: P. syringae pv. tomato DC3000. MBE variability in amino acid utilization observed in pseudomonads in experimental analyses and with the fact that all the strains tested are able to grow in minimal media containing only a single carbon source and an inorganic nitrogen source, indicating that they all have the capacity to synthesize a complete set of amino acids from simple precursors . As reactions linked to amino acid assimilation accounted for a substantial proportion of the variation in experimental and comparative analyses, we used the pathway analysis functions of Rahnuma in conjunction with manually curated carbon and nitrogen connections to predict assimilation pathways for 22 amino acids (20 protein amino acids and the nonprotein amino acids c-aminobutyric acid [GABA] and L-homoserine). Ammonia (NH 3 ) and TCA cycle intermediates (TCAi) were used as destination metabolites for nitrogen and carbon assimilation predictions, respectively. Analyses of the KEGG reference network indicated that the majority of the amino acids could be connected to NH 3 or to TCAi in one to five consecutive reactions. The exceptions were the three branched chain amino acids (leucine, isoleucine, and valine). We therefore used a maximum path length of six reactions for initial queries and subsequently explored longer path lengths for amino acids with no detected pathways. Pathway predictions are summarized in figures 5 and 6 and supplementary figures S7 and S8, Supplementary Material online. Amino acids previously shown to be good carbon or nitrogen sources for pseudomonads, such as GABA, L-asparagine, L-aspartate, and L-glutamate, were generally found to have short (one or two reaction) minimum path lengths to NH 3 or TCAi, which were conserved across all Pseudomonas strains. The longest minimum path lengths detected were five step pathways from L-histidine, L-phenylalanine, and L-tyrosine to TCAi, which included known pathways for assimilation of these amino acids. Surprisingly, we detected short pathways from tryptophan to TCAi and NH 3 in all Pseudomonas strains, even though tryptophan is a poor carbon and nitrogen source for most of these bacteria . Closer inspection showed that the predicted pathways included a reaction catalyzed by tryptophan synthase (R02722, E.C. 4.2.1.20), which is annotated as reversible but which may proceed in the direction of tryptophan synthesis rather than catabolism, which would be consistent with experimental data. However, in general, pathway predictions supported experimental analyses. For example, we were unable to detect a potential histidine assimilation pathway in P. s. pv. phaseolicola, which matches experimental results and is due to a frameshift mutation in the histidine assimilation gene hutG (R02285). Comparative Analysis of Metabolic Networks in Pseudomonas · doi:10.1093/molbev/msq213
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We were unable to identify pathways from L-leucine to TCAi, L-lysine to TCAi, and L-lysine to NH 3 in any Pseudomonas (figs. 5 and 6 and supplementary figs. S7 and S8, Supplementary Material online), even when maximum path length was extended to ten reactions. As some pseudomonads, including some of the genomesequenced strains used in these analyses, have been shown to use L-leucine and L-lysine as nutrient sources (Goto et al. 2005; Yamanishi et al. 2007; Förster-Fromme and Jendrossek 2008; , it seemed likely that the absence of these pathways in predictions was due to limitations in KEGG annotations. Inspection of predictions made using the KEGG reference pathway showed that all the L-leucine and L-lysine assimilation pathways identified as absent from pseudomonads but present in the reference network contained one or more reactions that have been experimentally demonstrated, but which are currently not linked to gene annotations, and which would therefore not be detected as ''present'' in organismspecific analyses.
Ancestral Network Reconstruction Suggests that the Pseudomonas Common Ancestor Was Able to Assimilate a Wide Variety of Metabolites
The final objective of this study was to investigate whether we could use metabolic network predictions for genomesequenced strains of Pseudomonas to infer the pathways and reactions present in their common ancestor. The most conservative way to address this question is to use an intersection model, which predicts that the common ancestor contained all the reactions and pathways that are common to existing pseudomonads. This model gives a total of 339 reactions (231 enzymes) in the ancestral Pseudomonas strain and 427 and 385 reactions (292 and 264 enzymes) in the common ancestors of P. aeruginosa and P. syringae, respectively ( fig. 7) . However, the results presented in this study show that there is reason to believe that some lineages, particularly P. syringae, have undergone deletion events relative to the common ancestor and that some reactions absent in one or more modern Reaction data for 32 KEGG pathway maps were processed using custom scripts written in R to identify and cluster reactions that display a variable distribution in nine genomesequenced pseudomonads, resulting in the identification of 224 variable reactions. Dark regions indicate the presence of reactions in a particular species, whereas light regions correspond to the absence of reactions. The black trace in the middle of each column shows the number of strains that lack a reaction that is present in the corresponding strain (trace to the left) or have a reaction that is absent from the corresponding strain (trace to the right). Strain abbreviations: pae: Pseudomonas aeruginosa PAO1, pau: P. aeruginosa PA14, pen: P. entomophila L48, pfl: P. fluorescens Pf-5, pfo: P. fluorescens PfO-1, ppu: P. putida KT2440, psb: P. syringae pv. syringae B728a, psp: P. syringae pv. phaseolicola 1448A, and pst: P. syringae pv. tomato DC3000. Mithani et al. · doi:10.1093/molbev/msq213 MBE pseudomonads were present in the ancestral strain. We used neighborhood and parsimony approaches to identify reactions that may have been present in ancestral Pseudomonas but lost in individual lineages ( fig. 7 ). In the neighborhood model (Mithani et al. 2009 ), the probability that a reaction present in only one of two descendents was present in their common ancestor is weighted according to the presence of neighboring reactions that share the same substrate or product. This model is based on the hypothesis that a reaction is more likely to have been present in the common ancestor if it can be connected to other reactions within the predicted ancestral network. A complete list of ancestral predictions generated using each approach is provided in supplementary table S5, Supplementary Material online. The data shown in figure 7 and supplementary table S5, Supplementary Material online represent the results obtained using a neighborhood cutoff value of 60%, which was selected based on the average proportion of neighbors present across the Pseudomonas phylogeny. Extending the intersection model of the Pseudomonas common ancestor using neighborhood predictions suggested that the common Pseudomonas ancestor contained 484 of the 563 reactions (331 of 372 enzymes) predicted to be present in extant pseudomonads, compared with 429 reactions (298 enzymes) in the predicted common ancestor of P. syringae, and 459, 454, and 470 reactions (315, 305, and 321 enzymes) in the predicted common ancestors of P. aeruginosa, P. putida/P. entomophila, and P. fluorescens, respectively ( fig. 7) . In contrast, parsimony analyses generated lower values of 455, 445, 439, 435, and 406 reactions (347, 341, 328, 332 , and 309 enzymes) for the common ancestors of Pseudomonas, P. aeruginosa, P. putida/P. entomophila, P. fluorescens, and P. syringae, respectively. Together, parsimony and neighborhood analyses identified a common set of 420 reactions (289 enzymes) predicted to be present in the common ancestor of all nine strains. The insertion and deletion events suggested by each model are shown in supplementary figure S9, Supplementary Material online.
We also used parsimony and neighborhood methods to predict the presence of amino acid assimilation pathways in ancestral pseudomonads (tables 3 and 4). Pathway predictions generated for the Pseudomonas common ancestor using parsimony analysis were nearly identical to predictions generated for the P. aeruginosa common ancestor (tables 3 and 4), which would be expected as parsimony assumes minimum evolution. Both methods generated results that indicated that the Pseudomonas common ancestor was able to use a wider variety of amino acids as carbon or nitrogen sources than the common ancestor of P. syringae (tables 3 and 4). To study the effect of varying the neighborhood cutoff value on the number of predicted pathways, we generated pathway predictions using cutoff values ranging from 10% to 90% (supplementary tables S6 and S7, Supplementary Material online). Cutoff values of 50% or less generally gave similar results to those obtained using the 60% cutoff value. However, stringent cutoff values of 70% or above substantially reduced the number of FIG. 5 Pathway predictions for selected amino acids to NH 3 in genome-sequenced Pseudomonas strains. Nitrogen assimilation pathways up to six reactions in length were predicted using the ''pathway prediction'' option in Rahnuma with selected amino acids as the starting metabolite and NH 3 as the destination metabolite. Pathway predictions were made using manually curated nitrogen connections and further processed using custom scripts written in R. The black circles indicate the presence of at least one pathway of length one to six, increasing from left to right, as indicated on the bottom row (Path Length). Also shown are the predictions for the KEGG reference network (REF) and the presence of conserved pathways (CONS) of length one to six across all nine Pseudomonas strains (last column). Strain abbreviations: pae: Pseudomonas aeruginosa PAO1, pau: P. aeruginosa PA14, pen: P. entomophila L48, pfl: P. fluorescens Pf-5, pfo: P. fluorescens PfO-1, ppu: P. putida KT2440, psb: P. syringae pv. syringae B728a, psp: P. syringae pv. phaseolicola 1448A, and pst: P. syringae pv. tomato DC3000.
Comparative Analysis of Metabolic Networks in Pseudomonas · doi:10.1093/molbev/msq213 MBE predicted pathways and generated results suggesting that the common ancestor resembled P. syringae in lacking cysteine, methionine, and homoserine metabolism.
Discussion
In this study, we have shown how comparative analyses of metabolic networks can be used to investigate the evolution and metabolic capabilities of a group of related organisms. Our analyses show that the plant pathogen P. syringae displays a high degree of intraspecies similarity at a metabolic level when compared with a nonpathogen such as P. fluorescens. Furthermore, we show that P. syringae appears to have experienced gene loss relative to other Pseudomonas lineages, which is consistent with the restricted nutrient assimilation abilities reported for this species in experimental analyses. Prediction of amino acid assimilation pathways has allowed us to identify genetic differences between strains that could account for observed differences in amino acid assimilation and provides support for a model of Pseudomonas evolution in which the common ancestor was able to assimilate a wide variety of metabolites, with subsequent specialization through gene loss in P. syringae.
The observation that the three P. syringae strains studied displayed a high degree of metabolic similarity is consistent with the hypothesis that this metabolic specialization is associated with adaptation for a pathogenic lifestyle. However, the same conclusion could not be unambiguously drawn for P. aeruginosa. P. syringae and P. aeruginosa have very different lifestyles, with P. syringae being generally regarded as a host-specific plant parasite and plant epiphyte that is disseminated from plant to plant by rainsplash and aerosols, whereas in contrast, P. aeruginosa is an opportunistic pathogen that infects burns, wounds, and immunecompromised patients but which is also capable of colonizing a wide range of other hosts and environments. The heterogeneity of the environments colonized by P. aeruginosa, combined with periods of intraclonal microevolution and adaptive radiation (Ciofu et al. 2010; Rakhimova et al. 2009 ), may help to account for the relatively high level of metabolic divergence relative to genetic divergence observed in P. aeruginosa. Even in the case of P. syringae, it is worth noting that as P. syringae and P. fluorescens show varying degrees of phylogenetic divergence, we cannot discount the possibility that the higher level of metabolic similarity observed for P. syringae reflects recent divergence from a common ancestor as well as host adaptation. Nevertheless, the observation that P. syringae has experienced a relatively large number of deletion events would be consistent with the hypothesis that P. syringae has experienced a bottleneck or niche shift during its evolution, resulting in fixation of a number of neutral or mildly deleterious mutations in metabolic enzymes, as has been speculated for other animal and plant pathogenic bacteria (Parkhill et al. 2003; Liu et al. 2004; Bentley et al. 2008; FIG. 6 Pathway predictions for selected amino acids to TCA cycle intermediates in genome-sequenced Pseudomonas strains. Carbon assimilation pathways up to six reactions in length were predicted using the pathway prediction option in Rahnuma with selected amino acids as the start metabolites, and a set of TCA cycle intermediates as destination metabolites. Pathway predictions were made using manually curated carbon connections and further processed using custom scripts written in R. The black circles indicate the presence of at least one pathway of length one to six, increasing from left to right, as indicated on the bottom row. Also shown are the pathway predictions for the KEGG reference network (REF) and the presence of conserved pathways (CONS) of length one to six across all nine Pseudomonas strains (last column). Strain abbreviations: pae: Pseudomonas aeruginosa PAO1, pau: P. aeruginosa PA14, pen: P. entomophila L48, pfl: P. fluorescens Pf-5, pfo: P. fluorescens PfO-1, ppu: P. putida KT2440, psb: P. syringae pv. syringae B728a, psp: P. syringae pv. phaseolicola 1448A, and pst: P. syringae pv. tomato DC3000. Mithani et al. · doi:10.1093/molbev/msq213 MBE Hjerde et al. 2008; Holden et al. 2009) . A relatively recent niche shift may have occurred in the bean pathogen P. s. pv. phaseolicola, which contains more strain-specific features and pseudogenes than the other P. syringae strains analyzed in this study.
If we make the assumption that the metabolic features of these strains do reflect physiological adaptation to specific environments and lifestyles, it is possible to identify strain-and species-specific features that show correlations with the environments associated with each species. For example, experimental studies of the composition of the apoplastic fluid used as a nutrient source by P. syringae during plant colonization have shown that in each case, there are typically only four to six abundant amino acids. These typically include amino acids such as aspartate, glutamate, glutamine, serine, alanine, GABA, and proline, which can be used by all strains of P. syringae as carbon and nitrogen sources and for which a wide range of potential assimilation pathways could easily be predicted in this study. In contrast, P. syringae appears to lack complete pathways for assimilating amino acids that are present at relatively low levels in apoplastic fluid and leaf exudates, such as branched chain amino acids and sulfur-containing amino acids. It also lacks the glycerate pathway for use of glyoxylate, purines, and allantoin as carbon sources, which has been shown to function in assimilation of glycine and threonine in some organisms (Blackmore and Turner 1971) . Similarly, the leaf environment is a highly aerobic environment, and therefore it is unsurprising to find that P. syringae lacks metabolic features associated with anaerobic metabolism and denitrification, such as the enzymes nitrous oxide reductase, and D-lactate dehydrogenase, which are present in the facultatively anaerobic human pathogen P. aeruginosa, which encounters low oxygen levels in the lungs of cystic fibrosis patients (Williams et al. 2006; Platt et al. 2008) .
Interestingly, both P. syringae and P. fluorescens lack a homologue of D-serine ammonia lyase (dsdA, R00221), which are important for catabolism of and tolerance to D-serine (Anfora et al. 2007 ). D-serine can be incorporated into the peptidoglycan cell wall of some bacteria and is abundant in some environments, including mammalian urine (Reynolds and Courvalin 2005; Anfora et al. 2007) , but is present at low levels in many plants, indeed the dsdA gene from E. coli can be used as a selectable marker in plants (Erikson et al. 2005) . Therefore, it is possible that these plant-associated pseudomonads may rarely encounter high levels of Dserine in their natural environments, but that D-serine synthesis or degradation may have had a more important role in the biology of the ancestral pseudomonad. Ancestral networks were generated using the network building option in Rahnuma using four different modes: (a) intersection--reactions common to both descendent networks (top-left), (b) union-reactions present in at least one of the two descendent networks (bottom-left), (c) reaction neighborhood with 60% cutoff-reactions having at least 60% of neighboring reactions present in addition to being present in the union network (top-right), (d) maximum parsimony-calculated using the Fitch Algorithm (Fitch 1971) (bottom-right) . Numbers shown on the right-hand side indicate the number of reactions present in individual Pseudomonas strains. Strain abbreviations: pae: Pseudomonas aeruginosa PAO1, pau: P. aeruginosa PA14, pen: P. entomophila L48, pfl: P. fluorescens Pf-5, pfo: P. fluorescens PfO-1, ppu: P. putida KT2440, psb: P. syringae pv. syringae B728a, psp: P. syringae pv. phaseolicola 1448A, and pst: P. syringae pv. tomato DC3000. Comparative Analysis of Metabolic Networks in Pseudomonas · doi:10.1093/molbev/msq213
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Although some of the results obtained in this study can be interpreted in terms of strain-and species-specific differences in the range of nutrient sources available to different pseudomonads, others potentially highlight differences in the partitioning and flux of metabolites between different metabolic pathways. For example, both P. aeruginosa PAO1 and P. aeruginosa PA14 lack the enzyme 6-phosphogluconate dehydrogenase (6PGAD, table 2) as previously reported (Lessie 1984) . 6PGAD enables carbon flow from the EntnerDoudoroff (ED) pathway to the pentose phosphate pathway and generation of NADPH or NADH and was present in all other Pseudomonas strains analyzed, although the 6PGAD genes present in Pseudomonas are more similar to genes from a-proteobacteria than to other c-proteobacteria. Furthermore, one of the two lineage-specific enzymes detected in the P. syringae/P. fluorescens lineage is a putative glucose-1-dehydrogenase that could channel carbon sources into the ED pathway (table 2). The ED pathway is known to play a central role in carbon assimilation and exopolysaccharide (EPS) synthesis (Lessie 1984; Conway 1992; Fuhrer et al. 2005; del Castillo et al. 2008) , so further analyses of the functional role of 6PGAD and glucose-1-dehydrogenase in plant-associated bacteria may provide new insights into the evolution of carbon assimilation and EPS biosynthesis pathways in pseudomonads.
In addition to performing analyses that treat all reactions and enzymes as independent, we have explored the use of reaction neighborhood information to identify isolated reactions and to predict the likelihood that reactions were present in ancestral networks. Although they only agreed on a subset of reactions, both parsimony and neighborhood methods supported a model of Pseudomonas evolution in which the common ancestor of Pseudomonas was a saprophytic or opportunistically pathogenic heterotrophic bacterium that was able to assimilate a wide variety of metabolites and which gave rise to pathogenic lineages, such as P. syringae and P. aeruginosa, which have acquired additional features associated with pathogenesis. However, only one reaction was predicted by both methods to be present in the common ancestor of the three P. syringae strains but absent from the common ancestor of all nine strains analyzed, which was R01021 (E.C. 2.7.1.32), a choline/ethanolamine kinase. Choline and phosphorylcholine are abundant in plant tissues and P. syringae has been shown to be able to take up choline from the environment (Chen and Beattie 2008) , so it is logical to speculate that the presence of this enzyme may be related to growth in plant tissues. Choline kinase has been specifically implicated in phosphorylcholine substitution of bacterial cell surfaces, so it is also logical to speculate that this enzyme could be involved in a form of molecular mimicry to evade host immune responses (Sohlenkamp et al. 2003) . Choline is generally only present in eukaryotes and eukaryote-associated pathogens or symbionts, so it is interesting to note that P. aeruginosa also incorporates choline into its membrane, through a different biochemical pathway, and that phosphorylcholine is also synthesized by other plant pathogens, such as Agrobacterium tumefaciens and is important for the establishment of symbiotic associations between Bradyrhizobium and host plants (Sohlenkamp et al. 2003) .
Parsimony generates a conservative model of network evolution in which a minimum number of events occur, but the neighborhood method takes network structure into account and may be particularly useful in resolving ancestral predictions at the root of phylogenies or in situations where parsimony is unable to assign states unambiguously. One interesting example is R00678, a reaction corresponding to L-tryptophan: oxygen 2,3-oxidoreductase (kynA), which is involved in the synthesis of the Pseudomonas quinolone signal from tryptophan via the kynurenine pathway in P. aeruginosa (Farrow and Pesci 2007) . This reaction is present in P. aeruginosa and P. fluorescens Pf-5, and both neighborhood and parsimony analyses suggest that it may have been present in the pseudomonad common ancestor. However, these analyses also indicate that it is likely to have been absent from the common ancestor of P. putida, P. entomophila, P. fluorescens, and P. syringae, supporting the hypothesis that this gene has been subject to lateral transfer between P. aeruginosa and P. fluorescens. This is consistent with the observation that although the kynA genes of P. aeruginosa and P. fluorescens appear to be orthologous, their genomic context is not conserved.
In the example given above, both parsimony and neighborhood analyses have successfully highlighted an example of probable lateral gene transfer. However, it is likely that for some reactions, the accuracy of both methods could be confounded by gene transfer events, and in the case of neighborhood analyses, the degree to which a substrate or product is common to multiple reactions. Thus, a further refinement of these methods could be to use orthology analyses to exclude or highlight reactions associated with nonorthologous genes and to weight the significance of connectivity results according to the number of enzymes that use a specific substrate or product.
The cutoff value used to generate ancestral predictions under the neighborhood model in this study was estimated based on the average proportions of neighbors present across the Pseudomonas phylogeny. Although this value has some biological relevance and generated results that are consistent with the properties of the Pseudomonas strains analyzed in this study, it is nonetheless an arbitrary choice. An alternative approach would be to generate ancestral predictions using Bayesian methods, which allows the uncertainty of the data to be taken into account. We have explored the use of Bayesian methods to study the evolution of metabolic networks and to reconstruct ancestral networks in a separate study (Mithani et al. 2010) . However, at present, we have only been able to analyze networks up to 100 reactions in size due to computational limitations. We are currently working on the extension of these methods to larger data sets.
The Rahnuma tool used to perform many of the analyses described in this study performs comparative analysis of metabolic networks using KEGG annotations of gene function and reaction distribution. Although our results have successfully highlighted biologically relevant differences between different strains and species of Pseudomonas, it is worth emphasizing that there are still significant limitations to the accuracy of this approach, most of which relate to the accuracy of metabolic annotations and current knowledge of metabolic networks. For example, there are numerous biochemical reactions that have been reported to occur in organisms, but for which limited or no sequence data are available. Further research is needed to identify the genes associated with these unannotated reactions. One pathway identified in our analyses as a pathway for which annotations could be significantly improved is the lysine pathway, for which annotations are notably sparse, so it is interesting to note that recent studies have shown that PSPTO2359 in P. s. pv. tomato, which is annotated as a potential ureidoglycolate or malate/lactate dehydrogenase in the KEGG database, is likely to be a D 1 -piperideine-2-carboxylate/D 1 -pyrroline-2-carboxylate reductase involved in the pipecolate pathway for D-lysine catabolism (Goto et al. 2005) . Similarly, Yamanishi et al. (2007) were able to identify PA0266 in P. aeruginosa PAO1 as a putative 5-aminovalerate aminotransferase (E.C. 2.6.1.48) and PA0265 as a putative glutarate semialdehyde dehydrogenase (E.C. 1.2.1.20) both of which are likely to have functions in lysine catabolism.
Even where reactions are accurately annotated, the direction and regulation of reactions will have a significant effect on whether they act in a predicted pathway. Reactions annotated as reversible will appear in both orientations in pathway predictions but may predominantly function in a single direction. Moreover, many KEGG annotations are based on the similarity of predicted genes to genes of known function, which means that some genes predicted to have a broad enzymatic function are linked to multiple reactions, whereas others fail to meet the detection threshold for annotation and are therefore recorded as absent. It is therefore important that all predictions made using databases and tools such as KEGG and Rahnuma are validated by further analyses, such as reciprocal Blast analyses, and ultimately by experimental analyses before they are treated as incontrovertible.
To summarize, metabolic network comparison is a powerful, but underused method in comparative genomics. The analyses described in this study have allowed us to generate detailed profiles of the characteristic metabolic features of nine strains and five species of Pseudomonas and raise interesting questions about the functional significance of these features in relation to the lifestyles and environments associated with these organisms. Collectively, our results support the hypothesis that the plant pathogen P. syringae is metabolically specialized for growth in the nutritionally constrained environment within plant tissues and on plant surfaces and illustrate how data mining tools such as Rahnuma can be used to develop hypotheses regarding the evolution of metabolic networks. Ancestral network predictions allow us to speculate that the common ancestor of the pseudomonads studied in these analyses was a saprotrophic heterotrophic bacterium capable of surviving in biochemically complex aerobic and microaerobic environments such as soil or plant surfaces, which may have been an opportunistic pathogen or antagonist of eukaryotes or other microorganisms, and from which lineages showing a greater degree of specialization for a pathogenic lifestyle have evolved, as well as generalists such as P. fluorescens, which are well adapted for survival in the biochemically complex environments and communities found in the rhizosphere and which show a high degree of metabolic versatility and heterogeneity. Rahnuma can be used to analyze data from any genome currently curated in KEGG, and thus similar analyses can be performed for a wide range of sequenced organisms. However, there is an ongoing need to increase the accuracy and reliability of metabolic annotations, so that these methods can be used to generate accurate predictive models of metabolism and metabolic evolution.
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